Low-speed autonomous transport of passengers and goods is expected to have a strong, positive impact on the reliability and ease of travelling. Various advanced functions of the involved vehicles rely on the wireless exchange of information with other vehicles and the roadside infrastructure, thereby benefitting from the low latency and high throughput characteristics that 5G technology has to offer. This work presents an investigation of 5G millimeter-wave communication links for a low-speed autonomous vehicle, focusing on the effects of the antenna positions on both the received signal quality and the link performance. It is observed that the excess loss for communication with roadside infrastructure in front of the vehicle is nearly half-power beam width independent, and the increase of the root mean square delay spread plays a minor role in the resulting signal quality, as the absolute times are considerably shorter than the typical duration of 5G New Radio symbols. Near certain threshold levels, a reduction of the received power affects the link performance through an increased error vector magnitude of the received signal, and subsequent decrease of the achieved data throughput.
I. INTRODUCTION
As an enabler of the fifth generation of mobile communication technology, 5G, exploitation of the millimeter-wave (mmWave) spectrum is foreseen to impact various wireless connectivity application areas, including transportation and manufacturing [1] . Both applications will require sub-millisecond latency with error rates lower than one in 10 5 packets dropped, which are enabled by the Ultra-Reliable Low-Latency Communication (URLLC) use case of 5G. Additionally, connected vehicles will benefit from uplink peak data rates of 10 Gb/s that are supported by the massive Machine Type Communications (mMTC) use case [2] . High throughput links could, in particular, facilitate the more advanced functions and capabilities of self-driving vehicles. For example, see-through and non-line-of-sight (NLOS) sensing, for which raw vehicular sensor data or videos The associate editor coordinating the review of this manuscript and approving it for publication was Ke Guan . potentially need to be shared between vehicles and with the roadside infrastructure [3] .
The first self-driving vehicles that will be deployed on public and private roads are expected to be low-speed autonomous pods, dedicated to last-mile transportation of goods and passengers. The SWARM project aims to develop a fleet of level 4 low-speed, autonomous pods (Aurrigo SWARM pods), which can coalesce and travel as platoons, as illustrated in Figure 1 [4] . The pods are typical future vehicles for last-mile transport, which can be used on public pavements, streets, and on private land. They are anticipated to complement existing transport modalities, providing new, more bespoke options for travel. This will be particularly important for those that are unable to use other forms of transportation, such as people with mobility issues, the elderly, and young children [5] . Pods use vehicle-to-vehicle (V2V) communication to plan their route in order to maximize platooning opportunities. In addition to local communication, pods will need to maintain a connection to the operations center, from where supervisors will track their movement via real-time, high definition (HD) video. If there is a drop in the connection, or a delay over 100 ms, the pod will automatically stop. Therefore, the pod system requires both a high throughput to carry such video, and an uninterrupted connection to ensure a smooth journey for passengers. Early 2020, these pods will be deployed on various routes on the campus of the University of Warwick, as part of its Connected Autonomous Vehicles (CAV) Testbed [6] . Among others, in this role, they will also be used for the first capability demonstrations and studies of 5G connectivity, initially focusing on high data throughput from infrastructure to pod passengers, e.g. noncritical delivery of HD video entertainment.
The aim of the research described in this paper, is to understand the implications of antenna placement for vehicleto-infrastructure (V2I) communications, particularly focusing on low-speed autonomous pods. Hence, the positions of transmitting antennas (TX) and receiving antennas (RX) are varied around and inside the Aurrigo SWARM pod. The crucial output parameters of interest are the measured excess loss (EL) and the root mean square delay spread (RMS-DS), which can be directly determined from the obtained measurement results. EL provides a direct measure of the lost signal power due to reflection, absorption, and refraction from objects and materials that are in the communication path from TX to RX. RMS-DS weighs reflected signals based on their power and distance to the line-of-sight signal (LOS), and therefore is a measure of the multipath component (MPC) richness of the observed signals. MPCs lead to interference, with a typical rule of thumb that intersymbol interference (ISI) is likely to occur for signals that are shorter than ten times the RMS-DS value.
A second aim of the research is to understand how the typical signal quality parameters of a vehicular communication channel depend on its environment. Of particular interest are the error vector magnitude (EVM) and the achieved data throughput, which provide information on the channel's usability for specific information transfer. Moreover, such parameters can then be directly related to the determined EL and RMS-DS values, in order to observe general trends and dependencies. Optimal vehicular and roadside infrastructure antenna locations can be determined from the reported quality of signal parameters.
II. BACKGROUND
The last decade has seen a particular increase of industrial and academic interest in mmWave communications. Numerous indoor and outdoor measurement campaigns have been carried out, with the joint goal to understand mmWave propagation characteristics and to mathematically describe them in a channel model. As the observed small and large-scale fading behavior is strongly environment-dependent, channel models have been developed for groups of scenarios and comprehensively summarized in individual papers and surveys [7] , [8] . As one of the most promising initial applications, mmWave vehicular communications received considerable attention, with a variety of measurements and modelling carried out, ranging from understanding the impact of vehicular velocity through a Doppler shift of the mmWave signal, to understanding in detail the influence of precipitation on mmWave attenuation [9] , [10] . In turn, these experimental observations and subsequent parameterization have equipped others with path loss exponents to develop half-power beam width (HPBW) dependent vehicular sensor data broadcasting schemes and vehicle distribution dependent coverage models [11] , [12] .
With the 3rd Generation Partnership Project's (3GPP) Release 15 of the New Radio (NR) mobile telecommunication standard matured and completed, the collaboration of standard development organizations aims to finish an initial full 5G system by mid-2020 through completion of Release 16. This release will cover specific work for vehicleto-everything (V2X) application layer services and includes study items to target advanced V2X use cases, such as extended sensing and remote driving. Continuing enhancements and optimization of, among others, edge computing and network security in Release 17 are foreseen to benefit the vehicular communication domain in the future [13] .
III. EXPERIMENTAL DETAILS
The goal of the following mmWave channel investigation is to evaluate the possibilities to establish a reliable V2I communication link with the Aurrigo SWARM pod, and understand both the impact of its structure on the received radio frequency (RF) signal, as well as the consequences for the link performance. From an RF point-of-view, such a pod has a much simpler construction than a more traditional car; in the absence of crumple zones and a motor block, the vehicle mainly consists of a metallic frame that supports metal doors at its sides. The pod is located inside the WMG 3xD Simulator at the University of Warwick [14] . The 3xD Simulator is housed inside a Faraday cage, and absorbing material on the walls and roof makes the room anechoic for radio frequency radiation with frequencies above 1.3 GHz. A mobile board, VOLUME 8, 2020 fitted with absorbing material, provides blockage of signal reflections from the experimental setup itself.
For this particular study, the focus lies on a carrier frequency of 28.5 GHz, as a representative of the prioritized first high frequency band for 5G in Europe. In order to understand the impact of the SWARM pod's structure on 5G signals received inside it, an ultra-wideband omnidirectional RX with a typical gain of 6 dBi and an elevation HPBW of 20 • is placed at the center of the front headrest. Besides representing a 5G user sitting at the front end of the pod, this antenna location could also be used for information that the pod needs to share with other vehicles or roadside infrastructure. TX is positioned at a horizontal distance of 2.6 m from RX, at various heights and azimuthal angles to represent the locations at which such infrastructure might be placed, and is boresight aligned with RX. Figure 2 displays the RX location inside the pod, and, clockwise, the gradually changing boresight view of TX, for three different antenna heights, namely at equal height with RX at 1.4m; at the lower end of a traffic signal assembly at 2.1 m; and at the red light of a traffic signal assembly at 3.0 m. For the latter height, measurements are performed for both aligned and unaligned RX, in order to understand the impact of its antenna pattern. At each position, measurements are performed consecutively with three directional waveguide horn antennas, varying the HPBW from 10 • to 30 • to 55 • . The different antenna gains of each waveguide are taken into account in the analysis of the measurement results.
Our channel sounding equipment uses the pulse compression method and consists of an R&S SMW200A vector signal generator, an R&S SMZ90 frequency multiplier, an R&S FSW85 signal and spectrum analyzer and an R&S RTO2044 digital oscilloscope. Further details on the facility and our channel sounding methodology can be found in our previous work [15] .
The subsequent link performance experiments are carried out using the NI mmWave Transceiver System (MTS), with similar hardware components that others have also reported for mmWave channel sounding measurements [16] - [18] . The MTS is a software-defined radio with 2 GHz of real-time bandwidth that can be used to create over-the-air prototypes of 5G NR communications links. A multi-FPGA processing architecture enables to both capture and generate 2 GHz of data and to process it in real time. The MTS is a modular system and built from a common set of PXI Express hardware: a PXIe-3610 digital-to-analog converter (DAC), a PXIe-3630 analog-to-digital converter (ADC), and a PXIe-3620 local oscillator and intermediate frequency module. Each DAC and ADC is paired with a PXIe-7902 FPGA module for (de)modulation. A PXIe-6674T timing and synchronization module provides a high quality 10 MHz clock source and a trigger for synchronization of multiple channels. Outside of the PXI chassis, the MTS is connected to mmWave heads: a mmRH-3642 transmitter and a mmRH-3652 receiver, optimized for the frequency band from 27.5 to 29.5 GHz, with 2 GHz instantaneous bandwidth and an analog gain range of at least 50 dB. In addition to the RF hardware in the MTS, four additional FPGAs are added to the system to create a real-time 5G NR physical layer and to allow for real-time encoding and decoding of the communication link's signal, which enables a data throughput calculation. For the measurements and results presented herein, the MTS software configuration follows the Verizon 5G specifications, using eight 100 MHz component carriers resulting in a total 800 MHz bandwidth, a cyclic prefix orthogonal frequencydivision multiplexing (CP-OFDM) waveform, dynamic timedivision duplexing (TDD), turbo coding, and as possible modulation schemes quadrature phase shift keying (QPSK), 16-QAM and 64-QAM (quadrature amplitude modulation).
IV. CHANNEL SOUNDING RESULTS AND DISCUSSION
For an appropriate and clear comparison with other channel sounding reports, the EL and RMS-DS parameters are extracted from the channel sounder's calculated power delay profiles (PDP). EL is defined as the difference between the received power level and the expected power level, based on a free-space path loss model, and taking into account signal losses and gains due to the used equipment, based on extensive calibration measurements. The RMS-DS is the common, standard deviation of the delay times τ between the LOS and a significant MPC, which are weighted by the received power at that time, PDP(τ ), according to When TX is at a height of 3.0 m and RX is additionally boresight aligned with TX, EL decreases with 5 to 10 dB, in accordance with the RX antenna pattern. Since the used TX-RX distances and angles are based on realistic traffic settings, this displays that in order to optimize mmWave connectivity for this use case, either a beam steerable antenna or a wide beam horn antenna should be implemented at the vehicle's end. For the lowest and highest TX height and all HPBW, EL increases with 6 to 10 dB at an azimuth of 72 • , when the TX field of view is largely obscured by the curved metal frame of the SWARM pod's front window.
EL is nearly HPBW-independent as the LOS-path is unchanged, except for the time resolution reasons mentioned previously. However, DS does depend on the HPBW, as a wider TX antenna beam generates more and longer MPCs inside the pod. To put this into perspective, at a distance of 3.0 m an antenna beam of 10 • , 30 • and 55 • is 0.5 m, 1.6 m and 3.1 m wide. Hence, DS increases with HPBW until the TX antenna beam covers the complete pod, more than doubling the measured DS from 2 to 5 ns.
V. LINK PERFORMANCE RESULTS AND DISCUSSION
Link performance measurements on the SWARM pod are carried out for a selection of antenna constellations, which have been used in the previous channel sounding section of this paper. Besides providing an understanding of the achievable data throughput and EVM for such V2I scenario, this also allows for a direct comparison with the previous results from the channel sounding measurements. The EVM is a measure of the difference between the reference waveform and the measured waveform, and can be linked to the signalto-noise ratio (SNR) and bit error rate (BER) [19] . As the aim is to achieve maximum possible data throughput, a 64-QAM scheme with a 7/8 code rate is chosen, resulting in a maximum throughput of 2.867 Gb/s. Figure 4 displays the measured EVM and data throughput for various antenna constellations and different HPBW; with TX boresight aligned with RX, and RX additionally boresight aligned with TX at a height of 3.0 m. Increasing the TX height increases the EVM and reduces the data throughput for all HPBW by reducing/obscuring the field of view of TX's beam. For few antenna constellations, the LOS path is unobscured, and a maximum data throughput of 2.867 Gb/s is achieved. For other heights, the quality of the communication path is so poor, that the data throughput is almost fully stopped and the EVM is accordingly high. With increasing HPBW, the output power of the MTS transmitter is increased to the maximum of 27 dBm in order to achieve a detectable throughput for any antenna constellation. Nevertheless, maximum achievable throughput is reduced to 1.1 Gb/s and 0.5 Gb/s for the 30 • and 55 • HPBW antenna, respectively, with EVM increasing accordingly.
In order to allow for a detailed comparison between the channel sounding and link performance results, additional systematic measurements are carried out, involving the same, boresight aligned 10 • HPBW TX horn antenna and omnidirectional RX at fixed antenna distances in a clear LOS set-up inside the WMG 3xD Simulator. For various TX-RX distances, the TX output power is stepwise reduced, and the resulting EVM and throughput are compared with precise RX received power values from channel sounding measurements. Due to the bandwidth difference between both methods, 800 MHz versus 2 GHz, the received power is divided by the used bandwidth in order to obtain the Received Power Spectral Density (RPSD). Figure 5 displays the measured averaged data throughput versus EVM and RPSD for increasing TX-RX antenna separation. The plots show a clear threshold behavior below which the throughput approaches its maximum and above which the throughput is reduced to zero. These thresholds are almost TX-RX separation independent, hence are 5G NR specific. The plots indicate, that for full throughput in a 64-QAM scheme, the minimum required EVM is −25 dB and the minimal required RPSD to achieve this is −135 dBm/Hz. Additional measurements for the 16-QAM (7/8 code rate) and QPSK (3/4 code rate) modulation schemes yield a −18 dB EVM and −142 dBm/Hz RPSD threshold for a maximum 16-QAM throughput of 2.0 Gb/s; and −10 dB and −148 dBm/Hz thresholds for a maximum QPSK throughput of 0.8 Gb/s, respectively. Further, preliminary results also show that these dependences are HPBW-independent.
Because the modulation scheme determines the maximum possible data throughput, these results can be used to optimize the data throughput in a given scenario by switching between modulation schemes. For instance, the 64-QAM scheme should be used for data throughputs larger than 2 Gb/s and signals with an RPSD larger than −137 dBm/Hz; for an RPSD between −137 dBm/Hz and −144 dBm/Hz the 16-QAM scheme delivers throughputs larger than 0.8 Gb/s; and for an RPSD smaller than −144 dBm/Hz the QPSK modulation scheme still delivers data following the steepness of its threshold.
VI. CONCLUSION
The experimental results presented in this paper show the possibility to create a high quality 5G mmWave communication link with a low-speed autonomous vehicle in a typical V2I scenario. For various antenna constellations, it is shown that the experienced EL is almost HPBW-independent, whereas the received power decreases. Although DS increases with HPBW, the main impact on the link performance is through the reduced RX power, with a threshold behavior of both EVM and data throughput for an RPSD below −135 dBm/Hz when a 64-QAM scheme is used. Knowledge about such thresholds for all modulation schemes can be exploited, among others, by a vehicular communication system that uses the RPSD to select the scheme with highest link performance under those circumstances, in order to provide an optimal, reliable V2I communication link.
